Engineered T cells are currently in clinical trials to treat patients with cancer, solid organ transplants, and autoimmune diseases. However, the field is still in its infancy. The design, and manufacturing, of T cell therapies is not standardized and is performed mostly in academic settings by competing groups. Reliable methods to define dose and pharmacokinetics of T cell therapies need to be developed. As of mid-2016, there are no US Food and Drug Administration (FDA)-approved T cell therapeutics on the market, and FDA regulations are only slowly adapting to the new technologies. Further development of engineered T cell therapies requires advances in immunology, synthetic biology, manufacturing processes, and government regulation. In this review, we outline some of these challenges and discuss the contributions that pathologists can make to this emerging field.
INTRODUCTION
T lymphocytes have diverse physiological functions, including fighting infections, preventing damaging inflammation, and controlling or eliminating tumors. However, T cells sometimes fail in these roles, leading to chronic infection, autoimmune disease, and cancer. The goal of T cell engineering is to augment the natural functions of T cells through ex vivo manipulation, including special culture conditions, genetic manipulation, and synthetic biology approaches. However, making heterogeneous bulk populations of T cells into therapies presents several immunological, regulatory, and engineering challenges. These challenges and recent advances are presented below.
In particular, we discuss current clinical applications of T cell therapies, government regulation of the development of new T cell therapies, sources of cells for T cell therapies, genetic engineering technologies, recent advances in synthetic biology of T cells, and safety mechanisms. Currently, the dominant therapeutic paradigm is fire and forget, whereby a large population of therapeutic T cells is manufactured (often with gene modification) and then infused into a patient. Toxicities are usually treated with broad immunosuppressive agents. New engineering approaches to enhance T cell functionality and to incorporate control modules to enhance safety and efficacy of T cell therapeutics are critical to advance the field.
As the engineering and manufacturing of T cell therapeutics become more complex, physicians trained in pathology and transfusion medicine will oversee the collection and manufacturing of these cellular products and assist clinical teams with the selection and administration of appropriate T cell therapies (Figure 1a) . For existing T cell therapies, pathologists will be asked to answer important questions about cell trafficking, site of action, and effects on diseased tissues. Pathologists will be at the forefront of understanding how these new T cell therapies function in vivo. Thus, an understanding of the many aspects of T cell engineering is becoming increasingly important for the practicing pathologist.
CURRENT THERAPEUTIC APPLICATIONS OF ENGINEERED T CELLS
In the past decade, there has been a rapid increase in the number of engineered T cell therapies entering clinical trials. Here, we briefly review the major types of engineered T cell therapies currently used in human trials, with a focus on anticancer T cells. Although there have been some striking successes, the field of engineered T cell therapies is still hampered by the artisanal approach of many different laboratories working without common standards or preclinical models. The massive investments of pharmaceutical and biotechnology companies in engineered T cell technologies (1) could potentially bring a level of standardization to the process of new therapy design and development.
Unmanipulated allogeneic T cells have long been used to induce graft versus cancer effect in patients with hematopoietic malignancies who have received hematopoietic stem cell transplants (2, 3). However, more sophisticated approaches to inducing antitumor effects of T cells were first described by Rosenberg and colleagues (4-6) at the National Cancer Institute. This group harvested autologous tumor-infiltrating lymphocytes (TILs) from 20 patients with metastatic melanoma and adoptively transferred the TILs with IL-2. Eleven of the 20 patients showed objective responses (4). Test for identity, strength, quality, potency, and purity
Figure 1
Overview of T cell engineering and a chimeric antigen receptor (CAR) structure. (a) T cell engineering currently involves harvest of T cells from a patient or allogeneic donor, modification of the T cells through genetic engineering via viral infection or other specialized culture conditions, expansion, testing, and reinfusion (1). (b) Diagram of a third-generation CAR. Currently, it is difficult to predict the function of a particular CAR component when combined with others, so each CAR must be optimized individually. This lack of modularity is an impediment to the rapid production of CARs with unique desired properties (1, 2).
Human leukocyte antigens (HLAs):
highly polymorphic cell surface antigens (also called the major histocompatibility complexes) that serve as a major immunological barrier to cell and tissue transplantation not be easily generalizable because these tumors are considered particularly immunogenic. It has proven more difficult to expand TILs from other solid tumors (6).
Instead of relying on the specificities of endogenous T cells, a genetic engineering approach has also been used to treat cancer patients. T cell receptors recognizing tumor antigens (such as MART-1 and gp100) have been cloned from TILs. The receptors are then genetically inserted into autologous T cells, which are infused into patients with metastatic melanoma and other cancers (7-10). Although many patients in these studies showed cancer regression, some patients also experienced destruction of normal melanocytes. Another drawback of this approach is that the patients must express the human leukocyte antigen (HLA) molecule on which the exogenous T cell receptor (TCR) is restricted, in the above cases HLA-A * 0201 (an example of major histocompatibility complex restriction). One method to avoid the challenges of major histocompatibility complex restriction of T cell receptors involves the chimeric antigen receptor (CAR) (Figure 1b) . Polyclonal autologous T cells expressing CARs have been used to successfully treat patients with B cell-derived tumors refractory to standard therapies (11-16). CARs contain an antibody-derived single-chain variable fragment (scFv) with intracellular domains derived from T cell receptor-associated signaling molecules (such as CD3ς ) and stimulatory receptors (such as CD28 and 4-1BB). Many different CAR configurations and combinations of domains have been tested in mouse models and clinical trials. The details of how CARs are constructed have been reviewed in detail elsewhere (17) (18) (19) . The overall picture from initial work is that CAR T cell design and testing involve a process of trial and error because the precise effects of certain design decisions on T cell functions are only just starting to be elucidated. For example, the affinity of the antigen-binding portion of the CAR affects anticancer functions in difficult to predict ways. Some reports show that selecting an scFv with decreased affinities for antigen promotes antitumor effects and spares normal tissue that might express low levels of a tumor antigen (20, 21) . In another example, CAR T cell function depends on the length of the spacer domain between the scFv and the T cell membrane. Mutations preventing binding of the CAR to endogenous Fc receptors are also critical in some cases (22) . Intracellularly, there are many variables that affect CAR function. CD28-derived costimulatory domains promote an effector memory phenotype and enhance glycolysis in T cells. Conversely, 4-1BB intracellular domains promote CD8
+ central memory phenotype and mitochondrial biogenesis (23) . These examples show that the design principles allowing modular construction of CAR T cells with predictable function from well-characterized parts still need to be elucidated.
Although many groups have focused on cancer and infectious diseases (24) as targets for engineered T cell therapies, inflammatory and autoimmune diseases are also potential targets for engineered cellular therapeutics. Regulatory T cells (Tregs), a subset of CD4 + T cells, enforce tolerance to a variety of self and nonself antigens. Treg deficiencies may contribute to the pathogenesis of human autoimmune and autoinflammatory diseases (25) . Ex vivo expanded Tregs are currently in clinical trials for the treatment of type 1 diabetes and to prevent organ rejection after solid organ transplants. Initial results from a phase 1 trial of polyclonal Treg infusion in patients with type 1 diabetes show that the cells are safe and persist for up to a year after infusion (26) . In organ transplant patients, populations of Tregs expanded and enriched for alloreactive clones using the donor's allogeneic B cells have the potential to be more effective than polyclonal Tregs at preventing organ rejection and establishing long-term graft tolerance in organ recipients (27, 28) .
Human cells, tissues, and cellular and tissue-based products (HCT/Ps): the designation used by the FDA for all engineered T cell products as of November 2016, there are no FDA-licensed engineered T cell therapeutics. Such licensure would indicate that the agency is satisfied that a new therapy is safe and effective and would be required before marketing a genetically engineered cell therapy.
There is an inherent tension between the desire for new therapies to be made available quickly to patients and the need to ensure safety and efficacy. Indeed, a recent analysis showed that the amount and quality of clinical trial evidence required for FDA approval of drugs and biologics is quite variable. This finding is likely due to the varying levels of risk that are acceptable to the FDA given the seriousness of the disease target, the availability of alternative therapies, and the documented safety risks of a given therapy (30) . For engineered T cell therapies, the pathway to FDA approval is subject to the same variables. Importantly, there is not a well-defined path for engineered T cell approval, and the FDA guidance documents explicitly acknowledge that the novelty of this therapeutic area means that there is flexibility in the pathway to approval. Two anti-CD19 CAR T cell therapeutics (from Juno Therapeutics and Kite Pharma) have received "breakthrough designations" to speed their pathways to licensure. As the FDA gains experience regulating engineered cellular therapies, it is likely that the pathway to licensure will become more routine and perhaps accelerated in some cases.
Statutes, Regulations, and Guidances for Cellular Therapies
The regulation of engineered T cells is controlled by three sets of government documents, listed here according to increasing level of detail: statutes, which are laws passed by Congress; regulations (principally Title 21 of the Code of Federal Regulations), which are written rules that implement the statutes; and guidances, which are documents that reflect the FDA's recommendations of how to comply with specific statutes; and regulations. The FDA regularly releases guidances to keep up with advances in technology and answer questions not directly addressed by statutes or regulations (29) .
Engineered T cell products are considered to be human cells, tissues, and cellular and tissuebased products (HCT/Ps) for the purposes of FDA regulation. How an HCT/P is regulated depends upon the manufacturing process of the product. In particular, the FDA has a risk-based regulatory framework for HCT/Ps. Products that are minimally manipulated, intended for homologous use, and meet additional criteria for being low risk are regulated only by Section 361 of the Public Health Service Act of 1944 and 21 CFR 1271. These laws and regulations are primarily focused on preventing transmission of infection through rules about donor eligibility and current good tissue practice (cGTP) manufacturing. These products do not require clinical data for marketing. Examples of such products include connective tissue, such as skin or bone, and reproductive cells and tissues, such as semen and oocytes (29) .
Regulation of Engineered T Cell Products
Engineered T cell products, owing to the requirement for significant ex vivo manipulation, are regulated by both Section 361 and Section 351 of the Public Health Service Act of 1944. Therefore, engineered T cell products require extensive testing in the context of an investigational new drug (IND) application. In addition to the measures designed to prevent the spread of infectious diseases, engineered T cell products require premarketing evidence of safety and efficacy (31) . Knowledge of the requirements for regulatory approval of T cell therapies is important for investigators and pathologists who oversee cellular therapy facilities. There are unique challenges to meeting FDA requirements that may not be anticipated when manufacturing processes are initially being designed. In particular, donor eligibility rules and qualification processes for all equipment, ingredients, reagents, and procedures used in the manufacturing process can present difficult challenges during the development of novel T cell therapies. These considerations and others are addressed in depth by the manufacturing regulations discussed in the next section.
Current Good Manufacturing Practice and Current Good Tissue Practice: What Are They?
Current good manufacturing practice (cGMP) is a set of regulations outlined in 21 CFR Parts 210 and 211 concerning the personnel, physical manufacturing facility, equipment, processes, packaging, distribution, and record keeping that must go into the manufacturing of biologics and drugs. Therefore, cGMP is a mandated program to ensure the drug meets the identity, strength, quality, purity, and potency that it is represented to possess. cGMP requires quality control and assurance programs for the manufacturing process. Therefore, cGMP is about more than just a particular GMP production facility (32) . The role of cGMP for investigational T cell therapies is complex because the principles of cGMP applied to large commercial production runs are not appropriate for small-scale cell therapy preparations used in Phase I clinical trials. Therefore, the FDA issued a guidance in 2008 clarifying that cGMP manufacturing during phase 1 production requires (a) effective written procedures; (b) equipment, facility, and manufacturing controls; and (c) accurate and consistent record keeping. However, this document acknowledges that some products, such as gene therapy products and cellular therapies, include novel manufacturing methods and product assays. These products present difficulties in retaining samples due to limited shelf life and small sample sizes (33) . Therefore, phase I cell therapy products can be exempted from full cGMP regulations, but full compliance with cGMP regulations is required by the time of licensure (34) .
There are also separate regulations that apply to HCT/Ps called cGTP, which are found in 21 CFR 1271. These rules overlap partially with cGMP rules and compliance with cGMP ensures compliance with many cGTP rules. However, cGTP rules include specific regulations focusing on donor eligibility requirements, prevention of the spread of communicable disease, packaging and shipping requirements, and other areas that are not directly addressed by cGMP. In particular, for allogeneic donors, the FDA requires screening for infection with human immunodeficiency virus (HIV)-1/2, hepatitis B virus (HBV), hepatitis C virus (HCV), and Treponema pallidum. For T cell products, additional testing for human T lymphotropic virus type 1 and 2 and cytomegalovirus are also required (32) . The required testing for T. pallidum is an example of the extremely conservative approach taken by the FDA in many matters of donor testing. The last documented case of transfusion-transmitted syphilis occurred in the United States in 1966, yet syphilis testing is still required of allogeneic donors (35, 36) . For autologous donors, testing is recommended for HIV-1/2, HBV, and HCV, mostly for the purposes of ensuring the safety of the workers involved in product manufacturing (32) . Given the many technical and medical issues that can arise during the determination of donor eligibility, such as how to deal with false-positive test results, the involvement of a pathologist or other physician with experience in this area is very important for engineered T cell manufacturing facilities.
In summary, adherence to cGMP and cGTP is required for FDA licensing of engineered T cell products. Owing to the complexity of complying with FDA regulations and the desire to maintain consistent standards, cell therapy laboratories may choose to become accredited by the Foundation for the Accreditation of Cellular Therapy (FACT) or AABB (formerly the American Association of Blood Banks). Although historically, they have different areas of focus in hematopoietic stem cell transplantation (FACT) or blood banking (AABB), these voluntary accrediting organizations have developed standards and provide support to cellular manufacturing facilities. Accreditation by one of these organizations should be considered by facilities engaged in therapeutic T cell
Clinical Laboratory Improvement Amendments (CLIA): US rules that govern laboratory testing on human specimens for clinical purposes manufacturing, particularly for the eventual purpose of ensuring reimbursement from health insurance companies and government agencies.
The Investigational New Drug Application
The first step in the clinical development of a new engineered T cell therapeutic occurs when a sponsor submits an IND application to the FDA (21 CFR 312). The IND application must include data on a product's pharmacology and toxicity. For engineered T cells, these data can be difficult to obtain because cells do not have traditional pharmacological parameters, such as an elimination half-life or a standard dose measurement. Therefore, proof-of-concept studies in animal models are important for establishing a reasonable approach to using engineered T cells in phase I clinical trials. Specific safety concerns for engineered T cell products that must be addressed are tumor formation and immunological rejection (34) .
For initial clinical trials, the FDA also requires investigators to identify testing that allows for verification of product safety and effectiveness, which can be very challenging with complex cellular therapy products (37) . Purity and sterility testing is required at all stages of development and generally includes cell counts; viability; and the absence of aerobic and anaerobic bacteria, fungus, and endotoxins. Testing for potency, which is required for licensure, can be difficult for some cell therapy products because they have complex or incompletely understood functions. Therefore, the FDA allows for progressive potency assay implementation during product development (34, 38) . Importantly for pathologists, although the federal Clinical Laboratory Improvement Amendments of 1988 (CLIA) regulations apply to laboratories carrying out some tests for product safety testing (such as testing for many infectious agents), purity and potency testing is exempted from CLIA under most conditions (39) .
In summary, T cell therapies are highly regulated in the United States. A familiarity with the regulations is important for medical directors of cellular therapy manufacturing facilities and investigators who are seeking to translate new cellular therapies into clinical trials. The technology driving the development of engineered T cell therapies is moving much faster than the federal regulators in charge of overseeing it. Therefore, pathologists who are involved with T cell therapy trials are likely to encounter unique regulatory challenges that require close collaboration with the FDA.
GENETIC ENGINEERING TECHNOLOGIES
Many T cell therapies require genetic engineering. Examples include the ablation of endogenous genes, replacement of endogenous genes with modified versions, or addition of new synthetic genes. In some cases, multiple genetic modifications, such as endogenous TCR inactivation followed by transgene insertion, are required for effective therapeutic T cell production (40) . In this section, we review methods for making site-specific changes in the T cell genome. We also discuss approaches to inserting transgenes into T cell genomes. Many others have reviewed the underlying biochemistry of these technologies (41) (42) (43) (44) , therefore the focus of this section is on the successful use of these approaches to genetically modify human T cells.
There are several approaches to making site-specific genetic modification of mammalian cells. All rely on nucleases that cut DNA in a specific location, activating either the nonhomologous endjoining (NHEJ) DNA repair pathway or the homologous recombination (HR) repair pathway. NHEJ often results in insertions or deletions at the site of the double-strand break. Therefore, if a double-strand break is targeted to the coding region of a gene, a frameshift mutation or a nonsense mutation is likely to be introduced into the targeted gene (40, 45) . HR is an alternative DNA repair pathway where a cell uses a homologous stretch of DNA to repair either a single-or double-strand break. Single-strand breaks in particular have much less risk of being repaired with indels than double-strand breaks (46) . Specific gene modification has been described using targeted nucleases that induce DNA strand breaks. These breaks are repaired by HR with exogenous DNA templates that serve to introduce specific mutations of interest. Such approaches have led to several reported successes in site-specific gene modification in human T cells (47) (48) (49) . Several different classes of site-specific nucleases have been used for gene editing in T cells. These include zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and Cas9 nucleases ( Table 1) . Each method has advantages and disadvantages, which are discussed in more detail in the section titled Site-Specific Nucleases.
Site-Specific Nucleases
Zinc finger DNA-binding domains recognize specific 3-bp DNA sequences. For site-specific DNA cutting, multiple site-specific zinc finger domains are assembled into two separate modules that bind 9-18 bp upstream or downstream of a target site. Each of the two zinc finger modules are fused to endonuclease domains of the FokI restriction enzyme designed to require heterodimerization to cut (50) . When the two zinc finger modules bind to the two adjacent target sites, the FokI domains are brought together, forming a functional enzyme that initiates a double-strand break in the short spacer between the two binding sites (42) . However, ZFNs can be difficult to design due to context-dependent binding of DNA, toxicity, off-target effects, and limitations on the sequences that can be targeted (51) . ZFNs have been used to knock out chemokine receptors CXCR4 or CCR5 in human CD4
+ T cells to make the cells resistant to HIV infection (44) . They have also been used successfully to edit specific gene targets in T cells and insert larger gene cassettes using a viral vector (49) .
TALENs are similar to ZFNs because both use modular DNA-binding domains coupled to FokI nucleases. Cutting at a specific site likewise requires two TALENs to bind upstream and downstream of a target site to allow FokI dimerization (52) . TALEN repeats have the advantage of recognizing single base pairs rather than sets of 3 bp, allowing for much easier design of sequence-specific proteins (53, 54) . However, TALENs are difficult to clone and deliver with lentivirus because the transcription activator-like effector (TALE) repeats have a propensity to recombine (55) . Furthermore, each TALE repeat contains 33-35 amino acids, which makes the size of TALENs capable of site-specific recognition quite large. TALENs have been used to knock out specific genes in human T cells (56) (57) (58) . A variation on the use of the TALE repeats involves linking them to a meganuclease, which has both a sequence-specific DNA-binding function and nuclease activity. Using this approach, a chimeric megaTAL was able to target and disrupt the TCR-α locus in primary human T cells through targeting an 11-bp sequence with a TALE array and a nearby 22-bp sequence with a meganuclease (59) . This approach avoids the necessity of making two flanking proteins. However, engineering meganucleases to bind to specific DNA sequences is complex, limiting the usefulness of this technology in T cell engineering (60) .
Cas9-based approaches to genetic engineering use the bacterial Cas9 nuclease and an RNA guide that is complementary to the sequence being targeted for cleavage. The guide RNA is designed with a 20-bp region of homology to the target, followed by the 80 nucleotides required for binding to Cas9. Targeting specific sequences in the human genome is restricted by the protospacer-adjacent motif site, a short 3-bp sequence adjacent to the target region that is recognized by Cas9. This system has the advantage of its easy production of the guide RNAs that give Cas9 specificity; however, early reports have shown significant off-target cleavage (61) , which may require additional optimization of the Cas9 protein (62) . In T cells, Cas9-based systems have been used to successfully ablate CXCR4 (47, 63) , TCR-α (40) , and the HIV genome (64), and to edit specific genes via HR (47) . Importantly, off-target editing was not reported for Jurkat T cells modified with Cas9 (40) . Additional characterization of the off-target effects of each of the systems discussed above is necessary to determine which combines the highest efficiency and specificity.
Viral Transgenesis
Viruses are a common delivery vehicle for transgenes used in T cell engineering (65) . Retroviruses, particularly replication-incompetent gammaretroviruses and lentiviruses (based on HIV), have been used extensively in T cell engineering (65) . Initial experiences with gammaretroviral vectors for gene therapy raised important safety concerns. For example, patients with X-linked severe combined immunodeficiency due to deficiency of the common gamma chain cytokine receptor had their hematopoietic stem cells treated with a gammaretrovirus encoding the missing gene. However, several patients in the initial cohort developed T cell leukemia and were found to have viral integration sites near oncogenes (66) . Gammaretrovirus-mediated gene transfer into mature T cells has a much better safety record, perhaps due to the low propensity of mature T cells for uncontrolled proliferation. In one study that followed patients who received anti-HIV CAR T cells, there was no evidence of enrichment for certain integration sites in more than 500 patient-years of follow-up (24) . Gammaretroviral vectors and lentiviral vectors have a payload capacity of approximately 8-10 kb. Certain lentiviral vectors have the advantage of infecting nondividing T cells (67, 68) . These retroviruses integrate preferentially into transcriptionally active regions (lentivirus) or transcriptional start sites (gammaretrovirus), which may increase the risk of oncogenesis in genetically modified cells (69) .
Transposon-Based Transgenesis
Transposons, such as Sleeping Beauty and piggyBac, provide nonviral approaches to permanent transgenesis in T cells. The SB transposon system requires delivery into cells of a plasmid with the desired payload flanked by domains with both inverted and direct DNA repeats and a second
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Graft-versus-host disease (GVHD): a group of inflammatory pathologies caused by allogeneic T cells transfused into a patient plasmid expressing the transposase (70) . In T cells, delivery of these two plasmids has been accomplished with electroporation. This approach has been used successfully to manufacture anti-CD19 CAR T cells for clinical trials (71) . A direct comparison of lentiviral and SB transgenesis in primary human T cells showed that the efficiency of expression of a transgenic TCR was slightly lower in cells electroporated with SB plasmids; however, the integration sites of SB also were less likely to be inside of transcribed genes than lentivirus integration sites (72) . The efficiency of transposition decreases as the size of the payload increases with maximum payload sizes in the range of 10-20 kb, depending on the target cell type (73) . The similar piggyBac transposon system has also been used to genetically modify primary human T cells (74) ; however, this transposon has a nonrandom integration pattern with a preference for integration into transcribed genes (75) . Transposons have several advantages over viruses in the production of transgenic T cells, including the relatively lower cost of producing GMP-grade DNA and the potentially higher payload capacity.
RNA-Based Expression
Unlike the viral and transposon-based approaches discussed above, electroporation of primary T cells with mRNA does not permanently alter the cell's genome. RNA also appears to have lower toxicity than DNA when electroporated into cells. RNA has been used to express CARs in primary human T cells (76) . RNA degrades rapidly, and protein expression from electroporated mRNA decreases after several days. RNA electroporation may be a useful technique when the function of an engineered T cell is needed for only a short period of time or when repeated dosing of a patient is feasible. The safety advantages of RNA electroporation for therapeutic T cell manufacturing are discussed in more detail in the section titled Transient Transfection with RNA.
CHALLENGES OF ALLOGENEIC T CELL THERAPIES
As discussed above, many successful anticancer T cell therapies, including TIL and CAR therapy, have used autologous T cells as the source material. However, an off-the-shelf allogeneic engineered T cell product would be very beneficial for patients. First, it would allow scaling up of manufacturing and immediate availability for patient care. Second, it would benefit patients who are lymphopenic or who cannot tolerate or wait for autologous cell collection and autologous cell manufacturing. Below in this section, we review past experience with allogeneic T cell therapies and current engineering approaches to make such therapies available to a wider patient population.
Immunology of Allogeneic T Cells
There are both immunological and technical challenges to the development of allogeneic T cell therapeutics. Human T cells express both HLA class I (A, B, and C) and HLA class II (DP, DQ, and DR) molecules (77) . Due to the many polymorphisms in HLA genes in human populations, it is rare to find allogeneic donors with HLA genotypes similar enough to prevent either graft-versushost disease (GVHD) or host rejection of the graft. Even if major histocompatibility antigens can be matched, therapeutic T cell rejection or GVHD could be mediated by polymorphic minor antigens. In hematopoietic stem cell transplantation, high-resolution matching between donor and recipient at HLA-A, HLA-B, HLA-C, and HLA-DRB1 is routinely performed. Currently, the probability of finding an allogeneic donor with an 8/8 match in the United States for patients of European ancestry is 75% and is lower for all other ethnic groups (78) . Thus, the diversity of human HLA is a major barrier to the development of routine matching of donors to recipients for allogeneic T cell therapies.
Even
is common (2-3% in antibody-negative recipients) after allogeneic red blood cell transfusion. This clinical experience is relevant because red blood cells do not express surface HLA molecules, but allogeneic red blood cells in most cases have potentially immunogenic single-amino acid polymorphisms in membrane proteins (79) . To put the challenge of using allogeneic T cells into perspective, even autologous cells that have been modified with nonhuman sequences such as CARs or murine T cell receptors can elicit rejection from immunocompetent recipients with solid tumors or lymphoma (80, 81) . Therefore, immune-mediated rejection is a major challenge for engineered T cell therapies.
Because of positive selection in the thymus, T cell receptors have a baseline ability to bind to HLA molecules. Perhaps as a result of this developmental process, T cells have high levels of reactivity against allogeneic HLA, estimated to be about 1-10% of T cells (82) . Therefore, GVHD can develop if immunosuppressed patients are infused with allogeneic T cells expressing T cell receptors that may be alloreactive. Importantly, partial matching of T cell HLA alleles (such as T cells from family members) can lead to GVHD even in immunocompetent patients. Such cases have been described if the donor T cells are homozygous for HLA alleles for which the recipient is heterozygous (83) . In addition, some immunocompetent patient populations, such as cardiac surgery patients, appear to have a higher risk for transfusion-associated GVHD (84) . Therefore, there is a clinical risk of both rejection and GVHD in immunocompetent recipients of allogeneic T cells.
However, some immunocompetent patients establish long-term, stable chimerism after infusion of allogeneic blood products. Data from blood transfusion recipients undergoing elective surgery show that allogeneic T cells are rapidly eliminated after transfusion. In one study, 25 patients received at least one unit of nonleukoreduced red blood cells during elective surgery. Subsequent analysis showed that allogeneic T lymphocytes from the transfused unit undergo rapid elimination (99.9%), followed by expansion of a subpopulation of the donor lymphocytes between 2 and 7 days after transfusion (likely due to alloreactive clones). There is complete clearance of the donor T cells by 14 days (85) . These data contrast with data from obstetric patients and trauma patients who show much higher levels of long-term engraftment with allogeneic fetal or donor lymphocytes, respectively. In trauma patients, long-term engraftment of donor lymphocytes has been documented years after the transfusion (86) (87) (88) . Therefore, longterm chimerism with allogeneic T cells in the absence of GVHD or rejection is possible, but the mechanism by which such chimerism can be established is unknown. Tolerizing regimens based on an understanding of this biology could be clinically useful for the introduction of allogeneic T cell therapeutics. An alternative approach to protecting allogeneic T cells from elimination involves engineering resistance to alemtuzumab or chemotherapeutic agents in the cells (56, 89) . However, this blunt-force approach is unlikely to lead to long-term tolerance of the allogeneic cells.
Preventing Rejection and Graft-Versus-Host Disease After Allogeneic T Cell Infusion
Allogeneic lymphocyte therapy (called donor lymphocyte infusion) is already well established as a treatment for patients who have received an allogeneic stem cell transplant for a hematological malignancy and who have residual disease. In such cases, the risk of rejection of the allogeneic T cells is lower given the successful engraftment of the donor's hematopoietic system and tolerization to donor HLA. By contrast, most of these patients (approximately 70%) develop GVHD, which is
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correlated with lower risk of relapse of their malignancy (3, 90). Such donor-derived lymphocytes can also be modified to express a CAR specific for a tumor antigen (91) or selected and expanded to treat specific viral infections (92) (93) (94) . The use of third-party allogeneic cells enriched for viral reactivity may decrease the risk of GVHD because virus-specific TCRs may have less alloreactivity. One clinical trial used thirdparty Epstein-Barr virus reactive allogeneic T cells that were partially matched for the recipient's HLA-A, -B, and -DR alleles. These cells were infused to treat patients with Epstein-Barr virusmediated lymphoproliferative disease after stem cell or solid organ transplant. The investigators reported that 64% of patients responded to this therapy at 5 weeks, and there were no reported cases of GVHD (95) . Another clinical trial using third-party antiviral T cells in post-hematopoietic stem cell transplant patients showed high rates of response at 6 weeks (66-78%, depending on the virus) with 2 of 50 enrolled patients experiencing de novo GVHD (96) . Therefore, the virusspecific T cells may have less alloreactive potential, particularly in patients who are chronically immunosuppressed after solid organ or hematopoietic stem cell transplant.
Another approach to generate large populations of therapeutic T cells with known TCR specificities and/or CAR expression involves making induced pluripotent stem cells from mature T cells and then redifferentiating these induced pluripotent stem cells into T cells. These approaches could allow the production of large numbers of functional, genetically modified T cells with defined HLA types and TCR specificity (97) (98) (99) .
Genetic Engineering to Make a Universal T Cell
Genetic engineering approaches may enable the production of off-the-shelf allogeneic T cell therapy products with minimal risk of rejection or GVHD. In particular, genetic ablation of the TCR and HLA molecules has been explored.
In one approach used by multiple groups, ZFNs were used to disrupt the genes expressing HLA-A and/or the α-and β-chains of the TCR (48, 100, 101). One group used electroporation of mRNA encoding ZFNs targeting conserved regions of the TCR α-or β-chains. Deletion efficiency of the TCR in activated primary human T cells was in the range of 15-40%, depending on which TCR chain was targeted. No off-target effects of the ZFNs were detected. This approach was also used to delete TCR in CD19 CAR-expressing cells, which were shown to retain cytotoxic activity against CD19-expressing target cells similar to the parental CAR T cell line (101) . The same group subsequently showed efficient deletion of HLA-A2 (up to 57% deletion) in primary T cells from an HLA-A2 homozygous donor (100). Deletion of HLA-A is a useful technical accomplishment, but deletion of this single HLA locus alone is insufficient to prevent rejection given expression of other HLA molecules in T cells. However, loss of multiple HLA proteins would likely cause T cells to become susceptible to natural killer (NK) cell-mediated killing. Theoretically, these cells could be protected from NK cell killing in vivo by enforcing higher expression of nonclassical HLA molecules (102, 103) . In vivo models for this complex engineering challenge need to be further developed.
Another research group infected previously activated primary human T cells with integrasedefective lentiviral vectors expressing ZFNs specific for two regions in the TCR-β gene. The efficiency of this approach was lower than the mRNA electroporation approach, with a loss of CD3 expression in approximately 7% of cells. Importantly, these CD3-negative T cells could be expanded with low-dose IL-7 and IL-15 in the absence of additional TCR signals. These cells were then transduced with a tumor antigen-specific TCR and shown to have antitumor activity in a mouse model (48) .
TALENs have also been used to successfully ablate TCR-α and -β in primary human T cells. In this approach, electroporation of TALENs targeting the TCR-α or -β genes in primary human
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Esensten · Bluestone · Lim AND gate: a logic gate in which two inputs must both be present to generate an output T cells led to 60% and 40% TCR knockout, respectively (57) . However, the use of TALENs targeting two loci simultaneously was shown to induce translocations between the targeted chromosomes (89) . Translocations or other types of chromosomal abnormalities are likely to be a feature of any genetic engineering approach that induces simultaneous double-strand breaks in multiple genomic locations.
A more recent publication compared three different approaches to TCR ablation in primary T cells: TALENs, Cas9, and megaTAL nucleases (a hybrid of a meganuclease with additional TAL repeat regions for added specificity) (40) . This report showed low rates of successful TCR ablation using TALENs, but rates of approximately 75% using the megaTAL system and 85% with Cas9. No off-target editing events were detected with TALEN or Cas9; however, megaTAL editing caused off-target editing events in many genes, particularly in the KAT2B locus.
The successful use of Cas9 for knock in of specific sequences into primary human T cells could potentially allow the same technology to be used both for specific gene ablation and for addition of modified sequences (47) . One important example is the production and clinical application of allogeneic TCR-ablated anti-CD19 CAR T cells, which promises to permit the development of universal allogeneic T cells for use in patients for whom autologous or stem cell donor-derived T cells are not available (104) .
WHAT IS SYNTHETIC BIOLOGY?
The recent successes of engineered T cell therapies have paralleled the emergence of the field of synthetic biology. Synthetic biology differs from genetic engineering in that it aspires to use the approaches of classical engineering disciplines. Synthetic biology seeks to make cellular engineering into a systematic process rather than the nonstandardized trial and error process that often characterizes much of genetic engineering. Synthetic biology principles include designing to meet quantitative performance specifications set in advance, separating design from fabrication, using modular biological parts, and using standardized cell populations to allow for consistent results (105) . Applying these principles to develop synthetic systems in mammalian cells is still an ongoing challenge because of the complexity of the systems and the difficulty of predicting the function of novel constructs (106, 107) . Systems developed for one cell type or organism may not work in another environment. Therefore, some workers have proposed directed evolution as an alternative to a top-down engineering approach (107) . Nonetheless, the philosophy of synthetic biology is having a major impact on the engineering of therapeutic T cells, as these sorts of viewpoints are focused on meeting the challenge of systematically altering T cell function. One example of the challenges of rational design is the stepwise optimization of CARs. Over the past 25 years, all components (including the ectodomain, hinge region, signaling, and costimulatory domains) of these receptors were optimized with painstaking trial and error work (108) . In the selected examples in the sections titled Logic Gates, Small-Molecule Controls, and Docking Systems below, we discuss specific examples of T cell engineering that employ methods of synthetic biology and that could serve as building blocks for future advances (Figure 2) .
Logic Gates
CARs combine the binding affinity of an antibody with the signaling domains of the ς -chain of the TCR complex and costimulatory receptors, such as CD28 and 41BB. A challenge of current CAR therapies is that cells are limited to sensing a single antigen. One approach to engineering dual-antigen sensing is to construct an AND gate using a two independent CARs, one with the intracellular TCR-signaling domains and one with intracellular costimulatory domains, in the same cell. In theory, binding of both CARs at the same time to the same (or nearby) target cells should be required for activation and effector function (Figure 2a) . However, such systems are in fact quite complex and difficult to tune appropriately. One group that employed this approach found that extensive optimization was required to find receptor-antigen combinations that gave acceptable gating activity. This group initially used a strong anti-CD19 CAR with a CD3ς intracellular domain and a second prostate-specific membrane antigen CAR with CD28 and 41BB intracellular domains. Although they found synergistic effects when T cells expressed both CARs and were exposed to target cells with both antigens, the anti-CD19 CAR was able to activate T cells independently of the costimulatory signal from the second CAR. Only by weakening the CAR-antigen interaction in the CAR with a CD3ς intracellular domain could AND gate activity be observed (109) . Another group, using a similar two-CAR system, showed a lack of AND gate activity in cytolytic activity assays but increased CAR T cell expansion (110) . In this system, T cells expressed two CARs: a CAR specific for the tumor antigen ErbB2 with a CD3ς intracellular domain and a second CAR specific for tumor antigen MUC1 with a CD28 intracellular domain.
Another approach is the inhibitory CAR where the presence of a second antigen activates a CAR with an inhibitory intracellular domain for PD-1 or CTLA-4. These inhibitory CARs could inhibit classical CAR-induced effector functions against target cells. However, the expression levels of the target antigens and of the inhibitory CARs were critical factors in tuning the magnitude of the effect (111) . Thus, all of these dual-antigen systems described here require optimization to generate the desired AND gate behavior.
A more recent report using a synthetic Notch (synNotch) receptor shows a potentially more robust AND gate with a high level of modularity in all its components. In this system, the synthetic receptor consists of an extracellular single-chain antibody connected to a portion of the human Notch receptor. Upon antigen binding to the synNotch receptor, the intracellular tail of the protein is cleaved, releasing a transcription factor that drives expression of a CAR with specificity for a second tumor antigen (112) . In vivo, T cells expressing both a synNotch receptor and a synNotch-induced CAR specific for two different target antigens show strong specificity for tumors expressing both target antigens. There is minimal off-target killing of tumors expressing only one of the two antigens, even in the same animal (113) . Owing to the modularity of the synNotch system, both binding specificity and transcriptional targets can be easily modified. Thus, the synNotch receptor is likely to be useful for synthetic biology projects in T cells beyond the control of CAR expression.
In summary, creating AND gates to control T cell activation is difficult, and careful tuning of each component is often necessary to get the desired behavior. Therefore, in the absence of rigorous quantitative models for the construction of appropriately tuned dual-CAR systems, repeated trial and error seems to be necessary. New technologies such as synNotch receptors may help create more robust AND gates; however, the robustness of this tool in other contexts requires further investigation.
Small-Molecule Controls
Various synthetic biology approaches to gain small-molecule control of T cell behavior have shown promise (Figure 2b) . For example, engineered G protein-coupled receptors (GPCRs) that respond only to synthetic small-molecule ligands have been developed for each of the classes of GPCR (114) . In a mouse model, primary mouse T cells expressing a synthetic GPCR responsive to the small-molecule ligand clozapine-N-oxide were able to specifically localize to implanted clozapine-N-oxide-releasing microspheres (115) .
Another small-molecule control mechanism uses RNA aptamers in the 3 untranslated region of genes. When bound to a small-molecule ligand, the RNA transcript is stabilized, and the gene product is translated. In the absence of ligand, the RNA degrades (116) . Human T cells expressing a theophylline-binding aptamer to control IL-15 expression showed greater proliferation in the presence of theophylline (117) .
Direct control of CAR function with small molecules has been described by splitting the CAR into two parts that can be brought together by a small-molecule dimerizer such as rapamycin (Figure 2b) . Dimerization of the two components of the split CAR, each of which contains either FKBP or FRB domains, brings TCR-signaling domains into the cluster of receptors formed when a CAR-expressing T cell encounters a target cell. Both the target antigen and the small molecule must be present for CAR function (118) .
Docking Systems
Currently, CAR T cell antigen specificities are hardwired by the scFv incorporated into the receptor. An alternative method of controlling CAR T cell activity and specificity is to make a universal CAR T cell whose CAR receptor can be docked with an antibody or antibody fragment that gives the cell different specificity (Figure 2c) . This approach has been described by multiple groups using a variety of docking interactions, such as avidin-biotin, antibody-small molecule, and antibody-peptide binding pairs (119) (120) (121) (122) (123) . However, these studies also showed the precise orientation of the antigen-binding components of these receptors affects CAR activity. Thus, significant optimization has to be performed to develop new specificities for such universal CAR T cells.
SAFETY OF ENGINEERED T CELL THERAPEUTICS
Engineered T cell therapeutics, like all medical treatments, have the potential to harm a patient. In many cases, these toxicities are difficult to predict for a given therapy or patient. However, multiple clinical trials with anticancer T cells have shown that even low-level expression of a tumor antigen on normal tissue can provoke on-target toxicity in healthy tissue.
For example, autologous CAR T cells recognizing ERBB2 (based on the drug trastuzumab) caused acute respiratory distress syndrome, diffuse alveolar damage, severe hypotension, and death in one patient with metastatic colon cancer. The authors speculate that low levels of the ERBB2 antigen on the lung epithelium triggered this response (124) . This outcome was surprising given that the parent drug trastuzumab has a very good safety profile. Similar on-target toxicities in cell types with low-level antigen expression have been described in patients treated with anti-MAGE-A3 TCR-engineered T cells who developed necrotizing leukoencephalopathy (125) or cardiogenic shock (126) . These two cases are instructive because they illustrate two possible mechanisms of toxicity. Low levels of MAGE-A expression in some neurons likely contributed to the neurological toxicities. By contrast, reactivity against peptides derived from the completely unrelated cardiomyocyte protein titin was likely responsible for heart failure in the second report. Thus, predictions of which tissues are likely to be targeted by engineered T cells with specificity for tumor antigens are difficult or impossible.
The gastrointestinal tract is also a site of on-target toxicity in anticancer-engineered T cell trials. Autologous CAR-expressing T cells targeting carboxy-anhydrase-IX (CAIX) were used to treat 12 patients with CAIX-expressing renal cell carcinoma. Two of the patients developed cholangitis, presumably due to low-level CAIX expression on the bile duct epithelium (127) . Autologous T cells engineered to express a murine TCR targeting carcinoembryonic antigen were used to treat three patients with metastatic colorectal cancer. All three patients developed diarrhea and severe inflammatory colitis, which prompted the halting of the clinical trial (128) . Retroviral DNA from the TCR-expressing vector was found in biopsies from throughout the patients' gastrointestinal tract.
The experience with CAR T cells targeting CD19 has shown that these cells can cause cytokine release syndrome and macrophage activation syndrome due to the inflammation caused by a vigorous anticancer response. Cytokine release syndrome in the context of CAR T cell therapy is defined by fever for three consecutive days, massive increase in inflammatory cytokine levels, and hypoxia or neurological dysfunction. However, this acute toxicity appears to be reversible with immunosuppressive therapies, including anticytokine biologics (11, 129, 130) . However, many patients treated with anti-CD19 T cells develop B cell aplasia and require infusions of immunoglobulin to maintain adequate plasma immunoglobulin levels.
Several different approaches have been employed to address the risks posed by on-target and offtarget toxicities of engineered T cell therapies; see Reference 131 for an excellent comprehensive review. Many T cell therapies, in particular TILs and CAR T cells, have been used in patients with advanced cancer who have few other therapeutic options and a poor chance of long-term survival. Thus, there is a higher tolerance for risk in the products used to treat these patients. If T cell therapies are to be used routinely for conditions that are rarely lethal, safety becomes a much more important consideration.
Inducible Dimerization Kill Switches
There are many ways to increase the safety of engineered T cells. One of the most promising systems is based on a transgene that produces a truncated form of caspase-9 linked to a dimerizer domain. Inducible dimerization of this construct leads to activation of caspase-9, which is a central mediator of the mitochondrial death pathway. In vitro data show that more than 90% of T cells stably expressing this inducible caspase 9 (iCasp9) construct could be killed with the small-molecule dimerizer AP20187 (132) . These results have been reproduced in a clinical trial with patients who were treated with retrovirally transduced iCasp9-expressing donor lymphocyte infusions after allogeneic stem cell transplant. Patients who developed GVHD were treated with the dimerizer drug AP1903, which led to a greater than 90% decrease in peripheral blood transgenic T cells within 30 min. All four patients had complete remission of GVHD (133) . However, not all transgenic T cells were killed by the treatment, raising the possibility that a subset of alloreactive T cells that silence iCasp9 expression could rebound to cause GVHD or another pathology. There is some evidence that activated T cells are more efficiently deleted than resting T cells (134) . Further follow-up showed that iCasp9 was not immunogenic in 10 patients followed for up to two years; however, more data are required to determine if treatment with AP1903 leads to increased risk of relapse, despite the persistence of some donor T cells after treatment (135) .
An alternative homodimerization safety switch is based on small-molecule-induced dimerization of the intracellular signaling domain of Fas, which induces apoptosis via an alternative caspase-8-dependent pathway. This approach has been used to induce apoptosis in mouse www.annualreviews.org • Engineering Therapeutic T Cells 321 thymocytes using a small molecule made by fusing two molecules of the drug calcineurin (136, 137) or in primary human T cells with the FKBP/AP1903 dimerizer system described above (138) .
Herpes Simplex Virus Thymidine Kinase Kill Switch
One of the pioneering safety mechanisms for T cell therapy is the herpes simplex virus thymidine kinase (HSV-TK) gene. This gene, when introduced into donor lymphocytes with a retrovirus, makes the human cells susceptible to killing by the small-molecule drug ganciclovir. In the initial report, the successfully transduced cells were positively selected using a truncated version of the nerve growth factor receptor that was coexpressed with the viral thymidine kinase (139) . In the initial investigation and in subsequent clinical trials using similar HSV-TK systems, patients who received modified donor T cells after allogeneic stem cell transplants and subsequently developed GVHD were successfully treated with ganciclovir (123) . However, an anti-HSV-TK immune response has been described in some patients, which in some cases led to immune-mediated elimination of the genetically modified allogeneic T cells. Further work with HSV-TK showed that safety switches that make use of nonhuman proteins are likely to be immunogenic and cause the rejection of engineered T cells in all but the most profoundly immunosuppressed patients (140, 141) . Patients who receive T cells transduced with HSV-TK are also prevented from receiving ganciclovir for cytomegalovirus infection.
Cell Surface Markers for Targeted Elimination
Another engineered safety mechanism is the insertion of a cell surface marker for which FDAapproved antibody drugs are available. For example, T cells transduced with a synthetic protein consisting of a CD8-α stalk with two rituximab (anti-CD20) mimotopes can be depleted with rituximab. Importantly, the anti-CD20 antibody of ofatumumab does not bind to the synthetic epitope, allowing for specific targeting of nontransduced CD20-positive cells (142) . Similar approaches have been described with full-length CD20 (143), c-myc epitope tagging of TCRs (144) , and with truncated versions of the human epidermal growth factor receptor. This truncated epidermal growth factor receptor lacks both ligand-binding and intracellular signaling domains but retains the epitope for cetuximab binding (145) . These synthetic proteins can be used to both mark and select engineered T cells and as a safety mechanism to deplete cells in vivo. In vivo depletion occurs by both complement-mediated lysis of opsonized cells and antibody-mediated cell-dependent cytotoxicity. However, experimental results supporting these approaches have so far been confined to mouse models.
Transient Transfection with RNA
One particularly elegant way to limit the potential toxicity of an engineered T cell therapy is to electroporate autologous T cells with mRNA that transiently reprograms the cell to have a desired therapeutic effect. The mRNA is easily quantifiable and has a short half-life, so the pharmacokinetics of the modified T cells is more easily defined. Even the most effective kill switches described above do not delete all genetically modified cells, raising the possibility that engineered T cells may be impossible to completely eliminate in the event of severe toxicity. In vitro assays with primary human T cells show that transgene expression from electroporated mRNA lasts for several days (146) . This mRNA electroporation approach has been used in a clinical trial of CAR T cells targeting mesothelin because this tumor antigen is expressed on many normal tissues, leading to the possibility of on-target toxicities. The initial report of results shows that the mRNA persists for a few days, but there is clear antitumor effect with minimal on-target toxicity (76) .
Designing T Cells for Safety
Permanently genetically modified T cells do not have well-defined pharmacokinetics and can persist for years after infusion. Therefore, robust nonimmunogenic safety mechanisms need to be developed if such therapies are going to be used in immunocompetent patients with chronic medical conditions. Some potential future safety measures include controlling the location of transgene integration (47) ; designing inhibitory receptors to prevent on-target, off-tumor toxicity (111) ; building in strict dependence on small-molecule ligands for survival or activity (117, 147) ; or making gene deletions leading to auxotrophic T cells. Importantly, turning "on" a T cell's desired function with a small molecule is likely to be a more effective mechanism to prevent toxicities (such as cytokine release syndrome) than "off" switches, which do not completely eliminate a therapeutic T cell population. However, only an effective kill switch can stop T cell cancers that could arise from engineered cell populations. Although no instances of T cell cancer caused by engineered T cell therapies have been reported, such cases will eventually arise. Therefore, instead of being an afterthought, safety mechanisms will increasingly be an integral part of the design of T cell therapies in the future.
CONCLUSION
T cell therapies have the potential to become a third pillar of biomedicine (148) . Just as biologic drugs have become a central part of the therapeutic arsenal in the past few decades, T cell therapies are poised to become therapeutic options for a variety of medical conditions. As discussed above, allogeneic and autologous T cells have already been extensively used in the treatment of hematopoietic malignancies. With the rapid development of genetic engineering tools and synthetic biology approaches, the pace of development of T cell-based therapies is likely to increase. Developing T cell therapies poses unique challenges, including a highly regulated manufacturing process and limited data on long-term safety. A familiarity with the techniques and challenges used to develop T cell therapies is critical for scientists, pathologists, and clinicians who will be working in the development and deployment of these drugs.
SUMMARY POINTS
1. T cell therapies derived from tumor-infiltrating T cells and genetically engineered autologous T cells have already shown impressive results in clinical trials for melanoma and hematopoietic malignancies.
2. Government regulation of engineered T cell therapies are evolving due to the complex manufacturing of T cell products and the difficulties in defining the pharmacokinetic and pharmacodynamic properties of the cells.
3. Engineered T cells have the potential to be powerful therapeutic devices beyond cancer, but synthetic biology tools to control their behavior require further development.
4. Allogeneic donor-derived therapeutic T cells would make T cell therapies more widely available, but there are significant immunological barriers.
5. More robust safety mechanisms for engineered T cells need to be developed if T cells are to be used routinely for patients with chronic diseases.
6. Pathologists and transfusion medicine-trained physicians will increasingly be called upon to manage T cell product manufacturing and to investigate the mechanisms of action of these new drugs. 
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